The Pampas Onduladas flow in southern Mendoza, Argentina, is one of the four longest Quaternary basaltic flows on Earth. Such flows (> 100 km) are relatively rare on Earth as they require special conditions in order to travel long distances and there are no recent analogues. Favourable conditions include: a gentle topographic slope, an insulation process to preserve the melt at high temperature, and a large volume of lava with relatively low viscosity. This study investigates the rheological and geochemical characteristics of the ~ 170 km long Pampas Onduladas flow, assessing conditions that facilitated its exceptional length. The study also reports the first geochronological results for the Pampas Onduladas flow. 40Ar/39Ar step-heating analyses of groundmass reveal an eruption age of 373 ± 10 ka (2σ), making the Pampas Onduladas flow the oldest Quaternary long flow. The methods used to assess the rheological properties include the application of several GIS tools to a digital elevation model (DEM) to determine the length, width, thickness, volume and topographic slope of the flow as well as algorithms to determine its density, viscosity and temperature. The slope of the Pampas Onduladas flow determined from the initial part of the flow on the eastern side of La Carbonilla Fracture to its end point in the province of La Pampa is 0.84% (0.29°), the steepest substrate amongst long Quaternary flows. The rheological properties, such as density viscosity and temperature from the Pampas Onduladas flow are similar to values reported for other long Quaternary flows. However, the minimum volume calculated is relatively low for its length compared with other long Quaternary flows. Therefore, the extension of the Pampas Onduladas flow was probably controlled by a steep slope, combined with an insulating mechanism, which helped in providing optimal conditions for a travel length of almost 170 km. However, the minimum volume calculated is relatively low for its length compared with other 42 long Quaternary flows. Therefore, the extension of the Pampas Onduladas flow was 43 probably controlled by a steep slope, combined with an insulating mechanism, which helped 44 in providing optimal conditions for a travel length of almost 170 km. 45
Geochronological, morphometric and geochemical constraints on the Pampas

179
The magmatic source region for this extensive flow has been inferred to be affected by 180 metasomatism associated with the subduction of the Nazca plate (Pasquarè et al., 2008) , 181 although recent studies suggest that the Payún Matrú Volcanic Field (PMVF, Figure 1 approximately 300 g of whole-rock to a grain-size of 180-250 μm followed by magnetic 221 separation and hand picking to isolate unaltered groundmass from the phenocrysts. The 222 groundmass separate and the neutron flux monitor Alder Creek Rhyolite (ACR) sanidine 223
(1.186 ± 0.012 Ma (1σ); Turrin et al., 1994) were irradiated at the USGS TRIGA reactor for 224 0.5 MWH in the Cd-lined facility. Irradiated samples and the ACR flux monitor were analysed 225 in the School of Earth Sciences at the University of Melbourne using a multi-collector 226
Thermo Fisher Scientific ARGUSVI mass spectrometer linked to a gas extraction/purification 227 line and Photon Machines Fusions 10.6 μm CO 2 laser system (Phillips and Matchan, 2013) , 228 following procedures described by Matchan and Phillips (2014) . Blanks were measured after 229 every third analysis and yielded <2.9 fA for 40 Ar, corresponding to 0.21% of the measured 230 40 Ar in the experiments. Mass discrimination was determined by automated air pipette 231 aliquots before analysis assuming an atmospheric 40 Ar/ 36 Ar of 295.5 ± 0.5 (Nier, 1950) . The 232 ages were calculated relative to the ACR flux monitor, which determines the production of 233 
Volume Calculation 295
The topographic slope was calculated using the difference in elevation from the initial point A 296 
1-The Pampas Onduladas flow was digitised using Landsat7 imagery Google Earth® 325
and then divided into 5 segments. In addition, features such as kipukas, were also digitised. 326 2-The files created where exported to ArcGIS10® and the remaining analyses were 327 performed using this software. The volume was calculated individually for each sector and 328 kipuka. The total volume was determined by summing all the sector volumes. The same 329 principle was applied to all the kipukas. Finally, the total volume of the kipukas was 330 subtracted from the total volume. employing the create-a-void command a cavity covering the area of the sector was created 334 in the DEM. Basically, in this step, the sector of the flow being calculated was removed from 335 the DEM. The same principle was applied for the kipukas.4-After removing the sectors, the surrounding topography was interpolated to create an 337 approximate base surface. In order to do this, all the values of each cell in the SRTM were 338 converted to point values using the conversion tool. Once the new point layer was created, 339 interpolation between point values was carried out. The interpolation tool used is the spline 340 (Smith et al., 2009 ) and the output cell size was set with the default value for sector 1. The 341 default value used for sector 1 was then used for all sectors from 2 to 5. 342 5-The hypothetical basal surface created, was isolated from the rest of the DEM. This 343 was done using the Windows tool and employing the clip option. The resulting layer should 344 only contain the interpolated base area of the sector. The same principle was applied to the 345 original DEM so that the top surface of the sector was isolated from the rest of the DEM. 346 6-Once the base and top part of a particular section were isolated, the volume and area 347 of the top and the base surface were calculated separately using the Area and Volume 348 statistics option. In the calculation, the plane height differed from sector to sector as they 349 have different elevations; therefore the default value for each particular sector was used. 350
The calculated volume and area from the top and base of the sector were exported into 351
Excel. Ar analysis is shown in Table 2 (including plateau, 370 inverse isochron and total gas ages) and Figure 6 , while the full data set is presented in 371 Supplementary Data 1. Plateau age plots (Figure 6a ), step heating spectra (Figure 6b) and 372 inverse isochron graphs were produced using the Isoplot 3.75 add-in for Microsoft Excel 373 (Ludwig, 2012) . 374
The age spectrum for VRE20 comprises an essentially flat profile followed by successively 375 older apparent ages for high-temperature steps. A plateau age of 373 ± 10 ka (2σ) was 376 calculated for sample VRE20 (Table 2) Ar), the corresponding inverse isochron age has a 390 poorly constrained value of 349 ± 68 ka (2σ), within error of the plateau age. The 391 significantly older total-gas age of 434 ± 10 (2σ) reflects the extraneous 40 Ar* released in the 392 initial and high-temperature heating steps. 393
In contrast to VRE20, the age spectrum for VRE46a is highly discordant and a plateau age 394 could not be resolved (Figure 6b ). The monotonic decrease in apparent ages implicates 395 recoil loss/redistribution of 39 Ar and
37
Ar from secondary phases and/or fine-grained 396 magmatic phases during irradiation (e.g. Koppers et al., 2000) . The older apparent ages 397 calculated for the high-temperature steps likely reflect release of extraneous 40 Ar during 398 degassing of plagioclase and clinopyroxene phenocrysts, as for sample VRE20. Due to the 399 recoil issue apparent in this sample, inverse isochron analysis is of limited value in 400 constraining the trapped argon composition (Koppers et al, 2000) . The data are highly 401 discordant in three-isotope space (Figure 6 ), but suggest a atmospheric 40 Ar/ 36 Ar i ratio of 402 295.6 ± 3.0 (95% CI; MSWD=35). Therefore, assuming negligible loss of 39 Ar from the 403 sample, the total gas age of 370 ± 8 ka (2σ) can be regarded as a maximum age estimate 404 for sample VRE46a. 405 (Table 4 ). The calculated volume should be regarded as a minimum as the base of the 496 flow was extrapolated from the adjacent topography, which may not represent its true basal 497 surface. The topographic slope from the initial to the final part of the flow is 0.84% or 0.24°; 498 however, the slope is not constant along the length. The slope is much steeper in the initial 499 part than in most of its length (Figure 8 ) as it changes from 1.6% in section 1, to 0.9% in 500 section 2 and then to 0.6, 0.5 and 0.4% in sections 3, 4, and 5, respectively. The mean width 501 of the flow decreases downhill from 9.4 km in section 1, to 5.1 km in section 2, then to 3.8, 502
2.6 and 3.5 km in sections 3, 4 and 5, respectively. 503 Table 4 
506
Dashed lines separate the five sectors into which the Pampas Onduladas flow was divided.
507
5 Discussion 508
Geochonology 509
The 40 Ar/
39
Ar dating results for the Pampas Onduladas flow, provide the first direct 510 radiometric age for this long flow. The highly precise plateau age of 373 ± 10 ka (3%; 2σ) 511 determined for sample VRE20 is considered to represent the eruption age of the basalt, 512 supported by inverse isochron analysis. The argon isotopic ratios measured for VRE46a 513 appear disturbed, and the decrease in apparent age with increasing temperature is attributed 514 to significant recoil loss/redistribution in this sample. This is consistent with petrographic 515 studies revealing minor alteration (Figure 4f and h ) mainly of the interstitial microcrystalline 516 to cryptocrystalline material in this sample. Therefore determination of an eruption age is not 517 possible for this sample, as total gas ages for samples affected by recoil only can be good 518 approximations for eruption age (although these are not so reliable as we cannot be sure 519 that the trapped component is atmospheric, therefore they may overestimate the eruption 520 age), as looks to be the case in this instance, due to consistency with VRE20 results. An 521 eruption age of 373 ± 10 ka (3%; 2s) determined from the Pampas Onduladas flow is 522 stratigraphically consistent with a K-Ar age of 400 ± 100 ka (2σ) previously reported for an 523 underlying basalt flow (see section 2.2). 524
Petrogenesis of the Pampas Onduladas Flow 525
The origin of magma for the Pampas Onduladas flow has been regarded previously as 526 having been affected by metasomatism of the subducting slab (Pasquarè et al., 2008) . 527
Trace-element compositions lack typical arc-related signatures such as negative Nb, Ta and 528
Ti anomalies, high Ba/Ta and La/Ta, and enrichment in Th (inferred from slab sediments and 529 slab partial melts, Jacques et al., 2013) or strong depletion in heavy rare earth elements 530 (relative to slab partial melts; Figure 3 b, e) . Therefore, the geochemical data suggest that 531 the Pampas Onduladas flow does not exhibit signatures typical of the Andean arc (Figure 7) . 532
The volcanism in the Payún Matrú Volcanic Field (PMVF) is intraplate with a geochemical 533 composition similar to that of ocean island basalts (Germa et an intraplate volcanic signature of OIB affinity. It is noted that an intraplate signature is 552 typical of other long (>100 km) basaltic flows such as the Toomba and Undara flows that are 553 associated with mantle upwelling (Stephenson et al., 1998) . This is intuitively predictable, as 554 a magmatic body rising from the mantle, would be possessed of the high temperatures, low 555 viscosity and high lava volumes expected to yield long lava flows. However, these magmatic 556 characteristics are common to many volcanic settings, and yet long flows (>100 km) are not 557 common. Rheological and topographical factors that may permit emplacement of a long flow 558 are discussed in the following section 559
Rheology of the Pampas Onduladas flow 560
Formerly, it was generally accepted that long flows (>100 km, Keszthelyi and Self, 1998) 561 require low viscosity, rapid emplacement (Walker, 1973 ) and large volumes (Pinkerton and 562 Wilson, 1994) . However, it has been proposed that effective insulation, in combination with a 563 favourable topographic slope, can also contribute to form long basaltic flows (Keszthelyi and 564 Self, 1998). Based on rheological characteristics, Keszthelyi and Self, (1998), modelled two 565 types of emplacement for long lava flows (>100km); "rapid" and "insulated" models. increases by from 20 to 30%. Nevertheless, in agreement with the internal morphology of a 582 basaltic flow, the vesicles can be associated with a viscosity reduction, as the pressure 583 imposed by spherical bubbles is not absorbed by the system, but released as the vesicles 584 deform and collapse (Llambías 2008 ). In Section 2.2, the internal structure of the Pampas 585
Onduladas flow is described as having disrupted and elongated vesicles forming the lower 586 massive layer, agreeing with the previous statement. Despite, the possibility of keeping the 587 flow at low viscosity by vesicle deformation and collapse as previously mentioned, the sub-588 angular vesicle in Figure 4f and h suggest a transition to a more viscous character in the 589 distal part. This constitutes the only evidence of a change in flow regime; therefore further 590 studies along the flow are needed in order to fully assess the hypothesis of a viscosity 591
change. 592
The calculated velocity for the Pampas Onduladas flow (Table 3) error. This is because inflation can take place after emplacement and cooling, hence 597 resulting in an apparent thicker flow. In Hawaii, Hon et al. (1994) observed that a flow initially 598 30 cm thick was inflated to a thickness of 3-7 m in a period of over a week. In the current 599 study several thicknesses (20, 15, 10 and 5 m) were considered in order to estimate the flow 600 velocity, showing that it becomes turbulent at thicknesses greater than 5 m (Table 3) The eruption point for this flow has been associated with the activity in La Carbonilla 625
Fracture (LCF in Figure 1 ; Pasquarè et al. 2008 ). Here, the topography is characterised by a 626 high elevation resulting from uplift of the Payún Matrú eastern shield when it was 627 magmatically active. 628
The Pampas Onduladas basalt flowed from its initial point over an irregular topography 629 following its steepest course down-slope. The high slope suggests that the flow followed an 630 unencumbered path, inferred from the long profile (Figure 8 
